In this study the effect of carbon nanotube content on the wear behaviours of Cu-carbon nanotube composites produced by powder metallurgy method was investigated. In the scope of the study five different amounts of carbon nanotube (0.5%, 1.0%, 1.5%, 2.0%, 2.5%) were added into pure Cu powders and mechanically milled for 360 min. The mechanically milled Cu-carbon nanotube powders were cold pressed under 600 MPa load and sintered in atmosphere-controlled furnace at 1000
Introduction
Due to their electrical and thermal conductivity, Cu and Cu alloys are widely used in the industry. However, the low wear resistance of Cu and its alloys limits the use of these alloys [1, 2] . Cu matrix composites are produced by adding various reinforcement elements to increase the hardness and wear resistance of these alloys [3, 4] . In recent years, carbon nanotubes (CNT's) have begun to be used as reinforcing elements in composites due to their superior properties such as high strength, high modulus of elasticity, and electrical and thermal conductivity [5] [6] [7] . In previous studies, CNT's have been reported to be used as reinforcing elements in polymer matrix composites, but recently it has also been used in metal matrix composites as reinforcing elements [8, 9] . The most common problem with CNTreinforced metal matrix composites is the low wettability. Furthermore, due to the agglomeration of nanomaterials, they cannot be homogeneously distributed in the matrix [10, 11] . The most widely used method in the production of CNT reinforced metal composites is mechanical alloying/mechanical milling (MA/MM) which is a powder metallurgy method. In this way, the reinforcement phase causes a more homogeneous distribution in the matrix structure, which also prevents unwanted reactions between the CNT's and the matrix [12] . When studies on CNT-reinforced metal matrix composites are examined, it is seen that mostly the pure Al and Al alloys were used as matrix materials and the use of Cu and its alloys as matrix materials seems to be very limited. For this reason, in this study, wear behaviors of the com- * corresponding author; e-mail: fatihtasdemir@msn.com posites produced by adding CNT's in different amounts to Cu which is widely used in the industry by powder metallurgy method are examined.
Materials and equipments
In this study, commercially available pure copper (99%) powders were used as matrix material. Multiwalled carbon nanotubes with a size of 1.5 µm and a diameter of about 9.5 nm at 90% purity, obtained from Nanografi company, were used as reinforcements. Five different amounts of CNTs (0.5%, 1%, 1.5%, 2%, and 2.5%) were used. CNT was added into pure copper and milled in stainless steel chamber in MA/MM device. The MM operation was performed at 400 rpm for 360 min with 10:1 ball powder ratio and 1% stearic acid was used as a process control chemical. In order to prevent overheating during the MM operation, the milling was paused for 10 min after each 20 min milling. Milled composite powders were pre-formed in the mold with a force of 600 MPa to produce green compacts with diameter of 12 mm and height of 7 mm. Preformed composites were sintered at 1000
• C for 1 h in an atmospherecontrolled environment (argon). The sintered composites were etched with keller solution after metallographic processes and microstructural examinations were observed with scanning electron microscope. Hardness measurements were carried out a microhardness device (HMV 0.5). Wear tests were carried out on a pin-on disc type wear device at four different sliding distances (500 m, 1000 m, 1500 m, and 2000 m) and 30 N loads at a sliding speed of 1 m/s.
Results and discussion
Optical microscope images and results of EDS (mapping) of CNT-reinforced Cu-based composites are given in Fig. 1a-f and Fig. 2a-c . When the results of optical microscope, given in Fig. 1a , and the EDS (mapping), given in Fig. 2 , are examined, it is obvious that as the amount of added carbon nanotubes increases, the distribution in the structure is not homogeneous and agglomerated. Previous studies emphasized that there is agglomeration due to size difference between reinforcement element and matrix in nanocomposites and the difficulties of homogeneous distribution of carbon nanotubes [9, 10] . Changes of the hardness of the composites produced by adding different amounts of CNT are given in Fig. 3 . When the variations in hardness given in Fig. 3 are examined, the lowest hardness value is measured in pure Cu (21.4 HV). As the amount of CNT increases, the hardness value increases. The hardness value reaches the highest value when 1.5% CNT is added to the composite (81.3 HV), and the hardness decreases at 2% and 2.5% CNT's reinforced composites. As can be understood from the microstructure images given in Figs. 2 and 3, the hardness decreases by agglomeration. Previous studies emphasized that agglomeration that occurs in the composites produced with addition of CNTs reduces the mechanical properties [1] [2] [3] [4] . Results of wear tests, the weight loss, and friction coefficient of the composites produced by different amounts of CNT addition are given in Fig. 4 .
When the weight loss and friction coefficients after wear tests of Cu-CNT composites are examined, it can be seen that weight loss decrease as the amount of carbon nanotubes added up to 1.5% increase and the highest weight loss is obtained from pure Cu which has no CNT. However, weight loss and friction coefficient of composites added with 2% and 2.5% CNT are increased. The obtained weight loss and friction coefficients correspond to the hardness results given in Fig. 4a and b. This reduction in the weight loss and friction coefficient is due to the breakdown of the large agglomerating parts in the structure as the amount of CNT increases. This can be seen from the microstructure images presented in Figs. 1 and 2. 
Conclusion
In this study the effect of carbon nanotube content on the wear behaviours of Cu-CNT composites produced by powder metallurgy method was investigated. The results obtained from this study are given below.
As the amount of CNT in Cu-CNT composites increases, the CNT's accumulate in certain regions and the agglomeration increases. In the hardness and wear tests, the highest hardness and the lowest weight loss are obtained with 1.5% CNT reinforced composites, while friction coefficients support these results.
